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The laser emission characteristics of a GaN-based vertical-cavity surface-emitting laser with two dielectric distributed Bragg reflectors were investigated under optically pumped operation at room temperature. The laser emitted wavelength at 415.9 nm with an emission linewidth of 0.25 nm and threshold pumping energy of 270 nJ. The laser has a high characteristic temperature of about 278 K and high spontaneous emission coupling factor of 10 −2 . The laser emission showed single and multiple spot emission patterns with spectral and spatial variations under different pumping conditions. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2355476͔ GaN-based blue/violet vertical-cavity surface-emitting lasers ͑VCSELs͒ have attracted much attention due to many advantageous properties over edge-emitting lasers, including circular beam shapes, light emission in the vertical direction, and two-dimensional arrays on the wafer level. A VCSEL structure is made up by a microcavity with a few wavelengths in length and a pair of high reflectivity ͑above 99%͒ distributed Bragg reflectors ͑DBRs͒ necessary for reducing the lasing threshold. Efforts to obtain optically pumped stimulated emission in GaN-based VCSELs have been reported by several groups. 4 Our group has demonstrated initial lasing behaviors in two types of GaN VCSELs: one with hybridtype DBRs which has a dielectric DBR and an epitaxially grown AlN / GaN DBR, 5 the other is a dielectric-type VC-SEL comprising a GaN active region and two dielectric DBRs. 6 In this study, we report the detailed laser emission properties of the dielectric-type GaN-based VCSEL optically pumped at room temperature. The below and above threshold behaviors of laser emission intensity and temperature dependence of the threshold pumping energy were investigated. High spontaneous emission factor and high characteristic temperature were obtained. The laser emission properties showed the dependence of emission spectrum on pumping energy. Single and multiple spot emission patterns were observed spatially and spectrally, indicating a highly inhomogeneous gain distribution in the InGaN / GaN multiple quantum well ͑MQW͒ layers.
The VCSEL layer structure grown on a ͑0001͒-oriented sapphire substrate by metal organic chemical vapor deposition included a 30 nm GaN nucleation layer, a 4 m GaN bulk layer, MQWs consisting of ten periods of 5 nm GaN barriers and 3 nm In 0.1 Ga 0.9 N wells, and a 200 nm GaN cap layer. Six pairs of SiO 2 and TiO 2 were evaporated on the top of the grown VCSEL structure to form the first dielectric DBR. The reflectivity of the SiO 2 / TiO 2 DBR at 416 nm was 99.5%. Next, an array of circular SiO 2 / TiO 2 DBR mesas with diameters of 60 m was formed by standard lithography and chemical wet etching process. To deposit the second dielectric DBR, the structure was subjected to a laser lift-off ͑LLO͒ process using a KrF excimer laser to remove the sapphire substrate. The GaN surface after LLO was further polished and obtained a surface roughness of about 1 nm for deposition of the second dielectric DBR consisting of eight pairs of SiO 2 and Ta 2 O 5 . The final thickness of the epitaxial structure after LLO and polishing process was about 4 m. The Ta 2 O 5 was used to reduce the absorption of the pumping beam at a wavelength of 355 nm. The reflectivity of the SiO 2 /Ta 2 O 5 DBR at 416 nm was 97%. For the detailed process procedure, please refer to our previous report. 2 ϫ 2 VCSEL array. The circular areas are the locations of VCSELs with DBRs, also serving the emission apertures. The fabricated GaN-based VCSELs were optically pumped by a Nd:YVO 4 laser at 355 nm, with a repetition rate of 1 kHz and a pulse width of 0.5 ns. As shown in Fig. 1͑b͒ , the pumping laser beam with a focused spot size of about 40 m in diameter was vertically incident on the VCSEL sample from the SiO 2 /Ta 2 O 5 DBR side. The light emission from the VCSEL sample was collected by an imaging optic into a spectrometer with a spectral resolution of 0.1 nm. The emission patterns were detected by a charge coupled device camera from the SiO 2 / TiO 5 DBR side through the mesa aperture. The dependence of threshold pumping energies on the temperature was measured from 58 to 322 K using a temperature-controlled cryogenic chamber.
The laser emission intensity as the function of pumping energy is shown in Fig. 2͑a͒ in a semilogarithmic scale. A clear evidence of threshold behavior was observed at a pumping energy of E th = 270 nJ corresponding to an energy density of 21.5 mJ/ cm 2 . The inset shows the spectrum of the laser emission with a wavelength of 415.9 nm and a narrow linewidth of about 0.25 nm. From the semilogarithmic data, the spontaneous emission factor ␤, which indicated the coupling efficiency of the spontaneous emission to the lasing mode, was estimated from the difference between the heights of the emission intensities before and after lasing was estimated as about 2 ϫ 10 −2 , which was in agreement with the reported results 4,7 and was nearly three orders of magnitude higher than that of the typical GaN edge-emitting semiconductor lasers, 1 indicating the enhancement of the spontaneous emission into a lasing mode by the high cavity quality factor ͑cavity Q factor͒ of the microcavity of the VCSEL structure.
The temperature dependence of the lasing threshold of the VCSEL is shown in Fig. 2͑b͒ . The threshold pumping energy increased gradually with increasing temperature. The dependence of the threshold condition on the temperature can be expressed as E th ͑T͒ = E 0 exp͑T / T 0 ͒, where E 0 is a constant and T 0 is the characteristic temperature. We obtain a characteristic temperature of about 278 K for this dielectrictype VCSEL for the temperature range of 58-322 K by linearly fitting the experimental result. This T 0 value is close to the T 0 value of 300 K for GaN-based VCSELs predicted by Honda et al., 8 and higher than the reported T 0 of 170 K ͑Ref. 9͒ or 235 K ͑Ref. 10͒ for the GaN-based edge-emitting laser diode. This T 0 value is also higher than the T 0 value for the hybrid DBR VCSEL we reported earlier. 11 The high T 0 value could be attributed to a better gain alignment of the MQWs with the cavity mode and a lower threshold carrier density due to the higher quality factor provided by both dielectric DBRs.
The laser emission patterns from the aperture show single spot and multiple spot emission patterns under different pumping conditions, as shown in Figs. 3͑a͒ and 3͑b͒ at pumping energies of 1.15E th and 1.2E th . The lasing wavelength from each emission spot also differed in few nanometers. At low pumping energy, the emission pattern showed a single spot with a spot size of about 3 m. As the pumping energy increased, a second spot appeared showing a double spot emission pattern with a spatial separation of about 22 m apart. The corresponding emission spectra of these two spots are shown in Fig. 3͑c͒ . The wavelength of the single emission spot is about 415.9 nm. For the double emission pattern, there is second emission wavelength at about 414.9 nm in addition to the 415.9 nm emission line. Since the separation between these two spots is large compared to the axial mode spacing, the difference of the emission wavelengths could be caused by either the spatial nonuniformity in InGaN MQWs or the nonuniformity in the DBR cavity. To clarify the origin of these emission wavelength variations through the aperture, we conducted the microphotoluminescence ͑PL͒ intensity mapping of the VCSEL using a scanning optical microscopy. Figure 4͑a͒ shows the intensity mapping of the entire aperture of the VCSEL. With a fine scan inside the square area in Fig. 4͑a͒, Fig. 4͑b͒ shows that the nonuniform PL emission intensity across the aperture has patches of bright areas with about 2 -4 m in size. The bright areas have about 1.8 times higher intensity than the dark areas. Figure 4͑c͒ shows the PL spectra of bright ͑marked as A͒ and dark ͑marked as B͒ areas. Nevertheless, spatial inhomogeneity in cavity loss due to potential micrometer-scale imperfection of the DBRs could also cause different threshold gains in spatial distribution. However, micro-PL measurement results in Fig. 4͑c͒ show a similar linewidth of the spontaneous emission for bright and dark areas, indicating no significant spatially nonuniformity in the DBRs across the circular mesa. On the other hand, the different micro-PL intensities across the VCSEL aperture imply a nonuniform material gain distribution existed in InGaN / GaN MQW layers. In fact, the indium fluctuation was commonly observed for the epitaxially grown InGaN MQWs and also the subsequent carrier localization effect had been reported. 12 Therefore, we believe that the indium inhomogeneity in the VCSEL MQWs could be responsible for the appearance of spatially separated lasing spots within the mesa aperture, and the difference in the emission wavelength could be due to the slight variation in the indium content of the MQW.
In summary, the laser emission characteristics of a GaNbased VCSEL with two dielectric DBRs were investigated under optical pumping at room temperature. The laser emits an emission wavelength at 415.9 nm with a linewidth of 0.25 nm. The laser has a threshold pumping energy of 270 nJ at room temperature and a characteristic temperature of 278 K. The VCSEL has a high spontaneous emission factor of about 2 ϫ 10 −2 . The laser emission patterns show single and multiple emission spots spatially with different emission spectra under different pumping conditions. The inhomogeneous material gain distribution could be due to the fluctuated indium composition in the MQW active layers and could lead to remarkable spatial and spectral broadenings in laser emission properties and degrade the VCSEL performance. 
